Abstract. This paper presents the study of Lamb wave interaction with in-plane fiber waviness in thin composite laminates. Previous studies show that a reduction in stiffness of the laminate occurs due to in-plane waviness. Aspect ratio and shear angles were used to define severity of waviness. Air coupled ultrasonic transducers were used to generate the fundamental anti-symmetric mode (A0), which was used in this study. A reduction in velocity of the A0 mode was observed when it interacts with in-plane waviness. To confirm the findings, dispersion curves were plotted for straight fiber zone and waviness zone. Experimental B-Scans of wavy laminate were used to evaluate the velocity change. Conclusions were made based on the correlation between experimentally and analytically observed velocities.
INTRODUCTION
Fiber reinforced composites have been used widely for many applications in the aircraft, pipeline, wind turbine etc. Although it has a significant advantage in terms of weight savings, unconventional defects like delaminations, micro-cracks, fiber waviness become difficult to detect on the shop floor or in the field. Building field adaptable systems capable of detecting these defects has been the prime focus recently. Extensive work on detecting and characterizing fiber waviness has been done earlier by many researchers [1] [2] [3] [4] [5] . Fiber waviness can be broadly divided into out-of-plane and in-plane fiber waviness. A schematic of the definitions is shown in Figure 1 . Out-of-plane waviness occurs in the 1-3 plane, whereas in-plane waviness occurs in the 2-3 plane. Mandell [6] noticed a 50% drop in compressive strength of laminate with in-plane waviness compared to straight fiber laminate. He also reported the same effect in fatigue loading. A decrease in tensile properties was reported as the fiber shear angle increased. Moreover it was reported that the failure mode will become dominated by the matrix for a laminate with in-plane wave. These factors strengthen and highlights the necessity detect in-plane waviness.
Out-of-plane waves can be intrinsic (hidden underneath the surface with a flat surface) or extrinsic (protruding out of the surface). An extrinsic wave can be easy to detect using optical methods which can scan the surface. An effective technique to detect buried or intrinsic out-of-plane waviness was presented earlier [3] [4] [5] . On the other hand, an in-plane wave can be of 2 or 3 plies thick and still remain concealed. This makes it difficult to detect. Conventional ultrasonics will not reveal anything about in-plane wave since there is no change in the 1-3 plane. Any type of bulk wave assessment will not be effective.
For clarity's sake, the ultrasonic stress wave will be termed as Lamb wave, and the fiber waviness defect, will be termed as marcel. This is to ensure no confusion occurs to the reader. This paper focuses on using Lamb waves, which are plate waves travelling through the thickness of the plate to detect and characterize in-plane waviness. Samples with discrete (single) in-plane marcel at the center were fabricated. Lamb waves were generated using air coupled ultrasonic transducers. B-Scans were performed to determine the aspect ratio (span/width) of the wave. The B-Scans also help in identifying the location of the marcel. A time of flight measurement was performed to characterize the marcel. Conclusions were made based on the observations. 
SAMPLE PREPARATION
Unidirectional glass fiber/epoxy was used to fabricate all the samples. A three roller system was designed to create the marcel. A schematic of the setup is shown in Figure 2 . The setup consists of 3 cylinder, two immovable cylinders and one movable cylinder. The movable cylinder translates in the 2 direction as shown in the Figure. A sheet of glass fabric is inserted in the setup and the two immovable cylinder are clamped down, thus fixing the fabric in the 1 direction. Next the center cylinder is moved by a known amount thus shearing the fabric in the 1-2 plane. For this research a shear angle of 15 0 was chosen. Once sheared, the fabric is infused with epoxy with the help of Vacuum Assisted Resin Transfer Molding (VARTM). The glass/epoxy was cured at room temperature.
FIGURE 2:
Schematic of the method used to create in-plane waviness. The movable cylinder can move in the 2 direction, while the fixed cylinders cannot move.
EXPERIMENTAL SETUP
A schematic of the experimental setup considered in this work is shown in Figure 3 . There are two possible planes in which Lamb wave propagation is possible. The setup A in Figure 3 shows Lamb wave propagation in the 2-3 plane. With 1 being the fiber direction, wave propagation will be perpendicular to the fiber direction for A. Setup B shows Lamb wave propagation in the 1-3 plane. For both the setups, the B-Scan axis was chosen as 1. A QMI SONDA 007X pulser-receiver is used to excite a pair of 200 kHz air coupled transducers. The data is collected with a 12bit digitizer attached to a computer, which also controls the motors to perform B-Scans. 
RESULTS

Detection
Analytical dispersion curves were plotted to determine the possible Lamb modes that can be generated as shown in Figure 4 . For the given frequency-thickness product, only the fundamental anti-symmetric and symmetric modes along with the first anti-symmetric mode can be generated. Dispersion curves were plotted for both 2-3 and 1-3 planes. Since the shear angle considered in this work is 15 0 , the laminate was rotated to 15 0 about the 3 axis, and new elastic constants were found. Using these constants, new dispersion curves were plotted in 1-3 and 2-3 planes.
FIGURE 4:
Analytical obtained dispersion curve for straight fiber.
Using the setup described earlier, B-Scans were performed for two different modes. Setup A was chosen since the waviness extends through the entire width of the sample. This will increases the sensitivity of the technique since the wave will be propagating over more material (wavy region) compared to Setup B. Figure 5 shows the B-Scan performed with Setup A using A0 mode. The starting and ending of the marcel can be seen as reduction in amplitude of the A0 mode. Due to the inhomogeneity of the sample there are few spots where there is a thickness variation. Along with a reduction in amplitude a change in time of flight (TOF) can also be noticed. Figure 6 shows the B-Scan using Setup A and the A1 mode. It can be observed that the sensitivity is higher in terms of change in amplitude. Two distinct regions of amplitude reduction which correspond to the wave start and end can be noticed. The center portion of the marcel has a higher amplitude compared to the sides. Since cylinders were used to create waviness, at the peak of the marcel, a flat region exists where the fiber orientation is 0 0 . Hence when A1 mode travels along this region, the amplitude returns to normal amplitude (non-wavy region) as can be seen in Figure 6 . The change in amplitude at wave start and end suggests one can detect in-plane marcels in thin laminates.
Characterization
Although it is important to detect marcels, characterization of marcels in terms of shear angle or aspect ratio is vital. From Figure 6 one can notice that the distance between the marcel start and end corresponds to the span of the marcel. The distance in the B-Scan was compared to the actual length where a good correlation was found. To calculate aspect ratio, one needs to calculate the height of the marcel in the 2-3 plane. This can be calculated by knowing the shear angle of the fabric in the marcel region. With the help of shear angle and the span of marcel, the height of the triangle can be calculated. This will be a good approximation of the marcel aspect ratio.
To determine the shear angle, the elastic constants of the laminate were rotated by the actual shear angle of the fabric. The rotated and straight fabric properties is shown in TABLE 1. This was also performed for 2-3 and 1-3 planes to determine maximum sensitivity. Since only unidirectional fabric was used, maximum change occurs in the 1-3 plane as shown in TABLE 1. By measuring the Lamb wave velocity at marcel and non-marcel region, one can determine the change in TOF, which can be used to calculate velocity. Further, this can be used to reconstructed the elastic constants and determine the shear angle based on the relative change between sheared and straight fabric properties. The method will also work without reconstructing the elastic moduli, by using a set of standard velocities for different shear angle for a given laminate. Each of the A-Scans in the B-Scan data shown in Figure 6 was subjected to Hilbert transforms to determine the peak TOF. The peak TOF for each spatial point was plotted against the scan axis as shown in Figure 7 . A shift in TOF can be observed at the wavy region. Note the TOF return to the value of straight fiber region at the center of the marcel. This can be attributed to the earlier discussed effect of the cylinder which create a straight fiber zone at the crest of the marcel. The same B-Scan was repeated for a different distance between the transducers. Knowing the increase in distance between transducers, and the increase in TOF, the velocity can be calculated. Based on this, the velocity in straight fiber region, and the marcel region were calculated and shown in TABLE 2. 
DISCUSSION AND CONCLUSIONS
Velocity values from dispersion curves for straight fiber (0 0 ) and sheared (15 0 ) were obtained. These values were compared to experimentally measured A1 values as shown in TABLE 2. Experimentally observed %change in velocity was 4.33% compared to analytically observed 1.44%. This suggests that a better analytical model including changes in volume fraction and density needs to be created. Along with this, exact material properties with air column as the coupling medium has to be assumed to match the values. The important point to note is that only 4.33% change can be observed which lies in the error range of most of the velocity measuring techniques. A 9.77% change compared to 1.71% by operating in the 1-3 plane instead of the 2-3 plane can be observed from TABLE 1. But it has to be kept in mind that, this will also reduce the spatial sensitivity since the propagating wave will travel along less material in the 1-3 plane.
Based on the results in this work it can be concluded that in-plane fiber waviness can be detected using guided Lamb waves in unidirectional composites. Unidirectional samples with waviness through the entire width of the sample were tested with both the fundamental (A0) and first (A1) Lamb modes. The starting and ending of the marcels seems to act like structural discontinuities resulting in reduction of amplitude of the Lamb mode. These can be used for detection of the marcel and also to determine the span of the wave. Further a technique to characterize marcels was suggested, but with the work at such a rudimentary stage, additional work has to be done to comment on the effectiveness of the characterization technique.
